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The quasi-2D metal Sr2RuO4 is one of the best characterized unconventional superconductors, yet
the nature of its superconducting order parameter is still highly debated. Here we use ultrasound
velocity to probe the superconducting state of Sr2RuO4. We observe a sharp jump in the shear
elastic constant c66 as the temperature is raised across the superconducting transition at Tc. This
directly implies that the superconducting order parameter is of a two-component nature. We discuss
what states are compatible with this requirement and propose, given the other known properties of
Sr2RuO4, that the most likely candidate is the (1, 0) state of the Eg representation.
I. INTRODUCTION
For 25 years, superconductivity of Sr2RuO4 has been
viewed as an electronic analog of superfluid 3He [1–3].
The initial report of the temperature independent spin
susceptibility through Tc [4] and the indication of time-
reversal symmetry breaking [5, 6] pointed to a chiral p-
wave order parameter, d = z(kx± iky). However, several
experiments are in contradiction with this scenario [7], for
example the lack of edge currents [8], the Pauli limiting
critical field [9] and the absence of a cusp in the depen-
dence of Tc on uniaxial strain [10]. Importantly, evidence
of line nodes in the gap from specific heat [11], ultra-
sound attenuation [23] and thermal conductivity [12, 13]
is not compatible with a chiral p-wave order parameter.
Recently, measurements of the NMR Knight shift were
carefully revisited and a clear drop in the spin suscep-
tibility below Tc was detected [14], pointing to an order
parameter with even parity. As a result, the nature of
the superconducting state in Sr2RuO4 is now a wide open
question but the chiral p-wave order parameter and any
odd-parity order with an out-of-plane d vector are ex-
cluded.
Here we present a study of ultrasound propagation in
Sr2RuO4 that will allow us to rule out all the candidate
states that are characterized by a one-component order
parameter.
II. EXPERIMENTAL
Γ Basis function Strain component Elastic constant
A1g a(k
2
x+k
2
y)+bk
2
z xx+yy, zz (c11+c12)/2, c33
A2g kxky(k
2
x-k
2
y) none none
B1g k
2
x-k
2
y xx-yy (c11-c12)/2
B2g kxky xy c66
Eg kxkz, kykz xz, yz c44
TABLE I. Irreducible representation of the strain tensor for
the D4h point group.
Sound velocity is a powerful thermodynamic probe for
order parameter. For propagation along high-symmetry
directions of the crystal, the sound velocity is vs =
√
cij
ρ
where ρ is the density of the material and cij are the elas-
tic constants defined as the second derivative of the free
energy F with respect to the strain uij . In the frame-
work of Landau-Ginzburg theory of phase transition, a
discontinuity in the elastic constant at the superconduct-
ing transition is a consequence of the symmetry allowed
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2coupling term between the order parameter ∆ and the
strain, λ|∆|2u, where λ is a coupling constant (see S.I.)
[15]. As part of the free energy, this coupling term is
invariant under all the operations of the point group, i.e.
it belongs to the A1g representation. Table I lists the
irreducible strains corresponding to the point group D4h
for the tetragonal symmetry of Sr2RuO4 (see the corre-
sponding product table in the S.I.). If the superconduct-
ing order parameter is one-component, then |∆|2 belongs
to the A1g representation. Consequently, the strain vari-
able u can only belong to the A1g representation, i.e. it
corresponds to a longitudinal sound wave. A jump in the
longitudinal elastic constant is observed at Tc in many
superconductors and is directly related to the jump in
the specific heat at Tc and the strain dependence of Tc
via the Ehrenfest relation [16]. If an unusual jump in
the elastic constant associated with a shear mode (B1g
or B2g representation) is detected at Tc, then it necessar-
ily implies that the superconducting order parameter is
multi-dimensional [17]. Based on these symmetry argu-
ments that are further developed in this paper, we have
performed measurements of longitudinal and transverse
sound velocities in Sr2RuO4 across the superconducting
transition down to 40 mK. The measurements were per-
formed using a pulse-echo technique with two different
home built spectrometers and commercial LiNbO3 trans-
ducers, bonded to the crystals (see Methods in the S.I.).
III. RESULTS
Elastic k p Sound velocity Value
constant (km/s) (GPa)
c11 [100] [100] 6.28 233
c44 [100] [001] 3.41 68.2
c66 [100] [010] 3.3 64.3
(c11-c12)/2 [110] [110] 2.94 51
TABLE II. Definition of the different sound modes measured
at T = 4 K. k and p stand for the propagation and polariza-
tion direction, respectively. Sound velocities were obtained at
low temperature using the echo spacing.
Table II shows the different acoustic modes with the
directions of sound propagation and polarization of the
transducer. The value of the sound velocity is obtained
from the echo spacing at low temperature (T = 4 K) and
can be converted to elastic constants using ρ=5.95 g/cm3.
They are in good agreement with resonant ultrasound
spectroscopy measurements [18–20]. Fig. 1a and Fig. 1b
show the temperature dependence of the sound velocity
for the longitudinal mode c11 and the transverse mode
(c11-c12)/2, respectively. Red circles (open squares) cor-
respond to measurement in the superconducting (nor-
mal) state. Fig. 1c and Fig. 1d show the difference be-
tween the superconducting state and the normal state
for the two modes. A discontinuity is expected at Tc
for the longitudinal mode, c11. From the Ehrenfest re-
lation, we estimate the magnitude of this drop to be
∆c11/c11 ≈ 4 ppm (see S.I.). This small discontinuity
is thus hidden by the strong softening of the longitu-
dinal constant in the superconducting state (≈ 80 ppm
between Tc and T → 0). A similar, but even stronger
softening is observed for the transverse mode (c11-c12)/2,
below Tc (Fig. 1b). These results are qualitatively in
agreement with previous measurements [21, 22] (but the
absolute value of their elastic constants differs from ours
[? ]).
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FIG. 1. Relative change in sound velocity for a) the longitu-
dinal mode c11 measured at F = 83 MHz, b) the transverse
mode (c11-c12)/2 measured at F = 21.5 MHz. The normal
state data (open squares) are obtained by applying a mag-
netic field of 1.5 T in the plane, larger than Hc2. The su-
perconducting state data (red circles) are measured without
any applied field. c) Difference between the superconducting
state and the normal state, for the c11 mode. d) Same, for
the (c11-c12)/2 mode.
Fig. 2a shows the temperature dependence of the sound
velocity for the transverse mode, c66. The measurements
in the superconducting state (H = 0, red circles) dis-
play a sharp discontinuity at the superconducting transi-
tion. The difference in the shear sound velocity between
the normal and superconducting states (Fig. 2b) shows a
small but very clear jump at Tc, of magnitude ' 0.2 ppm,
10 times larger than our experimental resolution. The ex-
ceptional sensitivity of our experiment is due to the very
small attenuation of the c66 mode [23], which enabled us
to detect up to 70 echoes (see SI) and to perform a fit on
all of them. Note that we have reproduced the data for
the c66 mode using another experimental setup (see S.I.).
A discontinuity of the sound velocity of the c66 mode has
also been detected by resonant ultrasound spectroscopy
at Tc [20].
This is the key finding of our study: we observe a sharp
discontinuity at Tc in the sound velocity for the trans-
verse mode c66. This immediately provides unambiguous
evidence that the superconducting order parameter must
be of a two-component nature, consistent only with the
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FIG. 2. a) Relative change in sound velocity for the trans-
verse mode c66 measured at F = 169 MHz. The normal state
data (open squares) are obtained by applying a field of 1.5 T
in the plane. The superconducting state data (red circles) are
measured without any applied field. b) Difference between
the superconducting state and the normal state, for the c66
mode. A clear discontinuous jump is observed at Tc.
Eg singlet representation, the Eu triplet representation or
a degenerate combination of one-dimensional representa-
tions.
IV. THEORY
Sr2RuO4 has D4h symmetry, and only the irreducible
representation E of the point group is multi-dimensional.
In this representation the superconducting order param-
eter is a two-component complex variable (∆A,∆B). If
the order parameter has Eu symmetry, (∆A,∆B) trans-
form as (x, y), and if the order parameter has Eg sym-
metry, they transform as (xz, yz). For both cases, the
Landau-Ginzburg free energy describing ∆ and the uni-
form strains u is given by
F = F∆ + Fu + F∆−u. (1)
The superconducting part, expanded to fourth order, is
F∆ = a
(|∆A|2 + |∆B |2)+ β01 (|∆A|2 + |∆B |2)2
+
β02
2
[
(∆∗A)
2∆2B + c.c.
]
+ β03 |∆A|2|∆B |2.
The relevant elastic energy of the uniform strains is
Fu =
1
2
c11
(
u2xx + u
2
yy
)
+ c12uxxuyy + 2c66u
2
xy
+
1
2
c33u
2
zz + c13(uxx + uyy)uzz,
where c’s are the elastic constants in Voigt notation. The
cross-coupling term is
F∆−u = [α1(uxx + uyy) + α2uzz] (|∆A|2 + |∆B |2)
+ α3(uxx − uyy)(|∆A|2 − |∆B |2)
+ α4uxy(∆
∗
A∆B + c.c.).
The analysis of the above free energy is standard, and
is described in detail in the SI. Here we quote the main
results.
For convenience we define cA ≡ (c11 + c12)/2 and
cO ≡ (c11 − c12)/2. The latter is the orthorhombic elas-
tic constant associated with the shear mode uxx − uyy,
while c66 is the elastic constant of the monoclinic shear
uxy. Our aim is to calculate the jumps in the shear elastic
constants defined by δc ≡ c(T−c )− c(T+c ).
The term F∆−u renormalizes the fourth order coeffi-
cients β0i → βi with
β1 = β
0
1 −
1
2
[
α23
cO
+
α21c33 + α
2
2cA − 2α1α2c13
cAc33 − c213
]
,
β2 = β
0
2 − α24/(4c66)
β3 = β
0
3 − α24/(4c66) + 2α33/cO.
For the stability of the system, we need β1 > 0, and
4β1 ± β2 + β3 > 0. Within these ranges the following
three superconducting phases are possible.
(1) Time reversal symmetry broken superconductor : In
the region β2 > (0, β3), we get the time reversal symme-
try broken state with (∆A,∆B) = ∆0(1,±i). In this
phase, there is no spontaneous shear strain, and the
tetragonal symmetry is preserved. The shear moduli
jumps are
δc66 =
−α24
4β2 + α24/c66
, (2a)
δcO =
−2α23
β2 − β3 + 2α23/cO
. (2b)
(2) Nematic-monoclinic superconductor : In the region
β2 < (0,−β3), we get a nematic solution, (∆A,∆B) =
∆0(1,±1), which breaks the tetragonal symmetry by
making the two in-plane diagonal directions inequivalent.
4It is accompanied by a spontaneous monoclinic strain, i.e.
uxy 6= 0. The shear moduli jumps are
δc66 =
−α24/2
4β1 + β2 + β3 + α24/(2c66)
, (3a)
δcO =
−2α23
|β2| − β3 + 2α23/cO
. (3b)
(3) Nematic-orthorhombic superconductor : In the re-
gion β3 > (0, |β2|), we also get a nematic solution,
(∆A,∆B) = ∆0(0, 1), or equivalently ∆0(1, 0), which
also breaks the tetragonal symmetry by making the two
in-plane crystallographic axes inequivalent. It is ac-
companied by a spontaneous orthorhombic strain, i.e.
uxx − uyy 6= 0. The shear moduli jumps are
δc66 =
−α24/2
β2 + β3 + α24/(2c66)
, (4a)
δcO =
−α23
2β1 + α23/cO
. (4b)
Thus, in all three states the two shear elastic constants,
c66 and cO, jump at the superconducting transition T =
Tc. In our data, there is a clear jump in c66. However, a
jump in cO could not be resolved, most likely because of
the strong temperature dependence of cO(T ) below the
transition.
V. DISCUSSION
The observed jump in c66 at Tc implies that the su-
perconducting order parameter of Sr2RuO4 is of a two-
component nature. We now discuss the various implica-
tions of this new constraint, in the context of the other
known properties of Sr2RuO4.
(i) Discrete symmetry breaking : In a two-component
scenario, the U(1) symmetry breaking superconducting
transition is necessarily accompanied by a simultaneous
discrete symmetry breaking. For case (1) in section IV,
this discrete symmetry is time reversal leading to a spon-
taneous magnetization that can be detected in a µSR
measurement, for example. A non-zero µSR signal be-
low Tc has indeed been reported [5], but its origin and
implications are currently under investigation [24]. For
cases (2) and (3) in section IV, the broken symmetry is
tetragonal D4 leading to an orthorhombic or a monoclinic
distortion of the tetragonal unit cell, which can in prin-
ciple be detected through x-ray diffraction. At present,
no such distortion has been reported.
(ii) Response to uniaxial pressure: Tc as a function of
uniaxial strain uxx−uyy should increase linearly. Exper-
imentally, Tc increases, but not in the linear regime since
the cusp at zero strain has not yet been resolved [10].
Next, in the presence of a uniaxial strain uxx−uyy, there
should be two split transitions if the order parameter is
the (1, i) or (1, 1) type. But for (1, 0), one expects a sin-
gle transition, with enhanced Tc. Since split transitions
have not been observed in thermodynamic measurements
[27], it argues in favor of (1, 0) order parameter.
(iii) Spin-wavevector content of Cooper pairs: The
drop of the Knight shift below Tc is strongly suggestive
of an even parity order parameter [14, 25]. Assuming
only intraband pairing, for singlets, the lowest harmonic
is a d-wave solution (∆A,∆B) = ∆0(kxkz, kykz). For
triplets, one should look for a d-vector which is in-plane,
in order to be consistent with recent NMR as well as
polarized neutron scattering data [26]. With this con-
straint, the lowest harmonic triplet order parameter is
the p-wave solution (∆A,∆B) = ∆0kz(dˆx, dˆy).
(iv) Line nodes: All states that we discuss within the
Eg and Eu representations necessarily have horizontal
line nodes. Experimentally, thermal conductivity mea-
surements show that the gap has vertical line nodes [13].
Recent quasiparticle interference (QPI) experiments cor-
roborate this conclusion [29] with nodes along the di-
agonal. Concerning the location of the line nodes, the
specific-heat under in-plane magnetic fields is interpreted
either in terms of vertical line nodes of the kxkz-type [30]
(i.e. rotated by 45 deg compared to the dx2−y2 orbital)
or horizontal line nodes [31]. In the singlet sector (Eg),
the states (1, 0) and (1, 1), which break tetragonal sym-
metry, have vertical line nodes. However, the state (1, i),
which breaks time reversal symmetry, typically does not
have vertical line nodes, unless the pairing leads to a Bo-
goliubov Fermi surface[28]. In the triplet sector (Eu), the
p-wave solutions do not have vertical line nodes. In order
to have triplet solutions also consistent with vertical line
nodes one needs to consider a higher harmonic f -wave
solution (∆A,∆B) = ∆0kz(k
2
x − k2y)(dˆx, dˆy).
(v) Accidental degeneracy : Until now, we only consid-
ered the two-dimensional irreducible representation E.
In principle, one can also get a two-dimensional ∆ if two
one-dimensional representations become accidentally de-
generate. The advantage of such a scenario is that it
allows the possibility of having a finite jump in c66 while
having no jump of cO. Thus the (s + d)-wave solution
(∆A,∆B) = (1, kxky) will have the same free energy
structure as in Eq. (1), except with α3 = 0. However,
such a state is not guaranteed to have line nodes. Ver-
tical line nodes are present for accidental degeneracy of
higher order harmonics such as the (d+ g)-wave solution
(∆A,∆B) = (k
2
x − k2y)(1, kxky) [32].
VI. SUMMARY
In summary, using high-sensitivity measurements of
ultrasound propagation in Sr2RuO4, we observe a sharp
jump in the transverse sound velocity at Tc for the
c66 mode. This is only possible if the superconducting
order parameter has two components, implying either
a two-component representation (Eg or Eu) or the
accidental combination of two one-dimensional represen-
tations (e.g. B1g
⊕
A2g). We can then add the following
requirements from previous experiments: 1) the gap has
5vertical line nodes (from thermal conductivity [13]; 2)
the order parameter has even parity (from NMR [14]);
3) uniaxial strain does no split the superconducting
transition (from specific heat under strain [27]. If we
limit the additional constraints to those three, then
the only possible candidate is the (1,0) state in Eg
representation, namely the nematic kxkz or kykz with
both horizontal and vertical line nodes. This is a
nematic state, whose onset will be accompanied by an
orthorhombic distortion of the lattice and certainly the
formation of nematic domains. This implication can be
tested by x-ray diffraction measurements.
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